The skeleton is important to the body as a source of minerals and blood cells and provides a structural framework for strength, mobility and the protection of organs. Bone diseases and disorders can have deteriorating effects on the skeleton, but the biological processes underlying anatomical changes in bone diseases occurring in vivo are not well understood, mostly due to the lack of appropriate analysis techniques. Therefore, there is ongoing research in the development of novel in vivo imaging techniques and molecular markers that might help to gain more knowledge of these pathological pathways in animal models and patients. This perspective provides an overview of the latest developments in molecular imaging applied to bone. It emphasizes that multimodality imaging, the combination of multiple imaging techniques encompassing different image modalities, enhances the interpretability of data, and is imperative for the understanding of the biological processes and the associated changes in bone structure and function relationships in vivo .
Introduction
Bone tissue continuously remodels to repair microcracks, prevent the accumulation of microdamage, 1 adapt to local stresses 2 and maintain calcium homeostasis in the blood. 3 In many bone diseases, bone remodeling is disturbed; that is, bone formation (governed by osteoblasts) and bone resorption (governed by osteoclasts) are unbalanced, resulting in altered mechanical properties of the bone. Clinical diagnosis of bone diseases typically relies on detection of bone mineral density or bone microstructure measured with anatomical imaging techniques such as dual-energy X-ray absorptiometry or peripheral quantitative computed tomography (CT). 4, 5 Currently available imaging techniques are not adequate for detecting bone diseases at a stage early enough to prevent deterioration of the bone microstructure, because factors like genetic background, hormones, cytokines and mechanical stimuli, have an important influence on bone remodeling, but are difficult to measure and visualize and are therefore not easily accessible to quantitative assessment in vivo . 6, 7 Furthermore, anatomical imaging will typically detect a disease at a later stage of the disease progression, as it will manifest itself only once changes in bone mass or structure are apparent, whereas changes in bone metabolic activity will precede these anatomical changes, 8, 9 and with that, offer a more sensitive avenue for early diagnosis, but also in response to therapy. Therefore, in vivo evaluation of bone metabolic activity would allow earlier and more reliable diagnosis of bone diseases and improved monitoring of therapy and intervention.
Molecular imaging is such a technique, enabling noninvasive characterization, quantification and visualization of biological processes in vivo at the cellular and molecular level. 10 The Society of Nuclear Medicine defines molecular imaging as ' the visualization, characterization and measurement of biological processes at the molecular and cellular levels ' in living systems. Thus, as biological processes can be monitored over time and a fast non-destructive read-out is provided, molecular imaging leads to a more fundamental understanding of the in vivo progression of diseases and allows assessment of the effectiveness of treatment and new classes of drugs. 11, 12 Nevertheless, a general limitation of molecular imaging is the low spatial resolution that is inherent to all molecular imaging approaches. Therefore, to obtain a full understanding of how bone remodeling is influenced by bone diseases, there is a need for combined molecular and anatomical imaging, which typically defines the combination of different imaging modalities to create a ' fused ' image-visualizing signals from different imaging sources, an approach also termed multimodality imaging.
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Advances in multimodality molecular imaging of bone structure and function
Multimodality molecular imaging of bone FM Lambers et al In this perspective, the latest developments in molecular imaging in bone research are reviewed with emphasis on the importance of multimodality imaging. First, the latest developments in molecular imaging and multimodality systems are provided. Second, methods available for dynamic imaging of bone remodeling will be introduced. Third, several areas of bone research are explored for the application of multimodality molecular imaging. The focus will be on multimodality molecular imaging in pre-clinical in vivo animal models of bone disease and therapy.
Molecular Imaging Modalities
Two main molecular imaging methods are available for applications in bone: nuclear imaging (ionizing) and optical imaging (non-ionizing). For nuclear imaging, radiopharmaceuticals, consisting of a radionuclide bound to a reporter construct that allows binding of the probe to a biological signal of interest, are administrated. Radiopharmaceuticals that emit single gamma rays can be detected by bone scintigraphy and single photon emission CT (SPECT), allowing detection of a biological signal of interest. For SPECT, multiple projections are captured providing a three-dimensional image. Similarly, positron emission tomography (PET) is based on the coincidence detection of two gamma rays that formed through the annihilation of positrons emitting from the radionuclide and electrons in the host tissue, allowing localizing biological signals of interest. 13 Optical imaging techniques rely on the detection of photons and include near-infrared fluorescence imaging, fluorescence molecular tomography (FMT) and bioluminescence imaging (BLI). For near-infrared fluorescence imaging and FMT, fluorophores, consisting of a fluorochrome bound to a reporter construct that allows binding of the probe to a biological signal of interest, are administrated. When the fluorochrome is excited by laser diodes, it emits light at a different frequency in the near-infrared range (700 -900 nm), which can be detected with a charge-coupled device camera, 14 allowing detection of a biological signal of interest. For FMT, multiple projections are captured building up a three-dimensional image. 15 For A tetracycline derivative bound to a NIR fluorophore (IRDye 800CW). Targets hydroxyapatite. 46 Cathepsin-K Targets cathepsin-K, which is expressed in active osteoclasts and involved in the breakdown of the bone matrix. 8 BLI OC (hOC promoter) Targets osteocalcin, which is expressed by osteoblasts and involved in tissue mineralization. 49 Firefly luciferase coupled to MSCs
Targets stem cells that have the capacity to differentiate into osteoblasts and proliferate. 51 Anatomical imaging :
Imaging modality Feature Description
In vivo micro-CT Anatomical changes in bone microstructure By using serial images, locations of bone formation and bone resorption can be visualized and morphometrically described. 55 
MRI Bone marrow
The trabecular bone marrow can be resolved from the relaxation rate, and the trabecular bone volume fraction from the attenuation of the spin-echo amplitude. 78 Abbreviations: BLI, bioluminescence; CT, computed tomography; FDG, fl uorodeoxyglucose; FMT, fl uorescence molecular tomography; hOC, human osteocalcin; MDP, methylenediphosphonate; MSCs, mesenchymal stem cells; MRI, magnetic resonance imaging; NIRF, near-infrared fl uorescence; PET, positron emission tomography; SPECT, single photon emission CT.
Multimodality molecular imaging of bone FM Lambers et al BLI, mice are genetically modified to express luciferase simultaneously with a gene of interest. Upon injection of luciferin, light is emitted from the gene of interest. 16 An overview of the available imaging strategies that make use of molecular probes for in vivo assessment of dynamic bone remodeling is shown in Table 1 .
Anatomical Imaging Modalities
Imaging modalities that allow for anatomical imaging of bone include CT and magnetic resonance imaging (MRI). Contrast for CT depends on the linear attenuation coefficients of all the structures through which the X-ray beam passes. 17 Multiple projections are performed to form a three-dimensional image with a resolution reaching up to 10 m for rodents and 40 m for humans. MRI is based on the resonance of protons in atomic nuclei. In a strong magnetic field, the protons of the nuclei in the tissue align. When this equilibrium is disturbed by a radiofrequency pulse, magnetization is recovered with a tissue-specific relaxation time, providing the basis for contrast. 18 By repeated radiofrequency pulses, a three-dimensional image with a resolution on the order of 100 m can be build up from a stack of cross-sectional images.
Multimodality Systems
Multimodality imaging allows integration of molecular (functional) with anatomical (structural) information, offering the benefits of each single imaging modality, and at the same time, eliminate one or more inadequacies of the individual modality. 19 Multimodality imaging systems therefore allow the combination of high sensitivity, high specificity and high spatial resolution.
Basically, there are two different ways of multimodality imaging, one in which multiple imaging modalities are merged into one system (multimodality scanners), and another in which, after imaging on multiple imaging systems, the images are registered and fused (software approach). 20 Multimodality scanners can acquire functional and structural images without moving the subject from the bed, as the hardware of both imaging systems is combined. These scanners thus provide the most precise fusion of images and enable a more specific diagnosis, but have a complicated design that often involves compromising the image quality, and they are also very expensive. 21 The most commonly used multimodality scanners in clinical practice are PET / CT 22 and SPECT / CT. 23 Multimodality scanners that combine PET / MRI, 24 PET / optical imaging, 25 FMT / CT 26 and FMT / MRI 27 have been developed as well and are mostly confined to preclinical research.
The second form of multimodality imaging often uses one bed to transport the subject between modalities, and needs registration algorithms to ensure correct alignment between imaging modalities and to allow superimposition of images from different modalities. 28 Rigid registration rotates and translates images between modalities, and can only be used correctly when no movement of the subject occurred between modalities. 9 With subject motion, non-rigid registration techniques have to be used, which allow deformation or scaling of the images from the different imaging sources. Non-rigid registration is mathematically more complicated and typically very demanding computationally. 29 An imaging chamber or bed that rigidly fixes the subject together with fiducial markers visible in all modalities will improve registration and therefore allow more accurate image fusion; 30 however, involuntary movement and changes in the shape of organs remain complications. 23
Time-Lapsed Imaging of Bone Remodeling Activity
During new bone formation, osteoid becomes increasingly mineralized through crystallization of hydroxyapatite (Ca 10 (PO 4 ) 6 OH 2 ) by osteoblasts. Therefore, substances that bind to bone mineral can be used as markers for bone formation or newly opened surfaces due to damage and microcracking. Bisphosphonates are a group of commonly used substances which naturally display a high affinity for bone mineral and bind to the calcium in hydroxyapatite through the phosphonate -carbon -phosphonate moiety, or to the hydroxyl group in hydroxyapatite through the nitrogen moiety. 31 This process opens opportunities to use these substances to bring molecular imaging probes to the bone surfaces and use these probes for time-lapsed imaging of bone activity, targeting osteoblastic formation, osteoclastic resorption, or even both at the same time.
In bone scintigraphy and SPECT, 99m Tc-methylenediphosphonate (MDP) which is a radionuclide tracer linked to a bisphosphonate, is used to evaluate bone metabolic activity. 32 Incorporation of 99m Tc-MDP can be related to the exchange of phosphorous groups with the calcium of crystallizing hydroxyapatite, 33 and can thus be used as a measure of activity of new bone formation.
In PET, 18 F-fluoride is used as a radiotracer targeting hydroxyapatite. Hydroxyl groups in the hydroxyapatite crystal of bone (Ca 10 (PO 4 ) 6 OH 2 ) are replaced by fluoride ions, resulting in fluoroapatite (Ca 10 (PO 4 ) 6 F 2 ). 34 18 F-fluoride has been shown to deposit preferentially at the surface of bone, where the greatest activity of remodeling and turnover is seen. 35, 36 The marker can provide quantitative estimates of bone cell activity, 37 and has allowed assessment of fracture healing 38 or implant ingrowth after hip surgery. 39,40 18 F-fluoride -PET is quantitatively more precise than 99m Tc-MDP SPECT, 41, 42 because of the higher resolution and improved calibration in PET imaging.
In near-infrared fluorescence imaging, OsteoSense (PerkinElmer, Boston, MA, USA) is used as a marker to measure local bone metabolism. This probe consists of a bisphosphonate (pamidronate) and a fluorophore (IRDye78, LI-COR Biosciences) and binds with great affinity to mineralizing bone surfaces. 43, 44 Near-infrared fluorescence imaging, in combination with OsteoSense-labeling, has been shown to provide improved resolution and sensitivity compared with 99m Tc-MDP SPECT 33 in small animals. Besides OsteoSense, other such conjugates were recently developed consisting of a bisphosphonate and a fluorophore, for example, a probe with alendronate and indocyanine green, which binds to metabolically active areas in the bone and remains visible in the body for 2 weeks. 45 Tetracycline is another compound targeted at hydroxyapatite, which has been around for decades and is still often used in histomorphometry to demarcate positions of new bone formation and to calculate changes in bone formation rates. Using the same concept as with the bisphosphonate-based probes, a tetracycline derivative bound to a fluorophore (IRDye 800CW, LI-COR Biosciences) was recently introduced to image sites of bone remodeling in vivo , using an optical imaging approach. 46 What is interesting about these approaches is that all of these probes are excited at different wave lengths (e.g., green or red), Multimodality molecular imaging of bone FM Lambers et al and therefore, can be targeted to visualize different effects and / or different time points in vivo in a single subject by tuning the filter of the fluorescence detector.
Besides the affinity to hydroxyapatite, other approaches have used different bone proteins as the direct target for the molecular probe. Osteocalcin is such a bone matrix protein, which is expressed by osteoblasts, odontoblasts and hypertrophic chondrocytes at the onset of tissue mineralization. 47 Although the exact function of osteocalcin is unclear, it is assumed to have an important role in mineral deposition, bone remodeling and bone mineral maturation, 48 and with that, is interesting as molecular target. Using this concept, transgenic mice expressing a luciferase reporter gene under regulation of the human osteocalcin promoter were used to monitor the calcein gene expression with BLI as yet another marker for changes in bone formation. 49, 50 In another approach, human bone marrow mesenchymal stem cells (MSCs) were transfected with firefly luciferase to monitor the survival and proliferation of human bone marrow MSCs. As human bone marrow MSCs have the capacity to differentiate into osteoblasts, 51 this approach allows to investigate autologous bone repair and precise quantification of bone metastatic growth in vivo . 52, 53 Although there are a number of molecular probes targeting bone formation, only one probe is available that targets osteoclast using a cathepsin K-activatable near-infrared fluorescence probe. In the presence of cathepsin K, side groups which are otherwise quenched are cleaved off from the probe and emit fluorescence. 54 The cathepsin K probe is sensitive to changes in bone resorption and has been shown to precede detection of bone loss, using anatomical imaging systems. 8 Although the use of molecular probes is very sensitive, there is still always the problem of low resolution in these systems, making it sometimes difficult to assign bone function to a specific structure. Recently, a new method was developed that allows monitoring sites of bone formation and bone resorption from time-lapsed in vivo micro-CT images 55 using unprecedented resolution. Nevertheless, this method allows monitoring longitudinal changes in bone formation and resorption rates induced by mechanical loading 56 and bone regeneration. 57
Applications of Multimodality Molecular Imaging in Bone Research
Bone metastases. Bone metastases are a frequent complication of many common cancer types, occurring in about 80 % of patients with breast, lung or prostate cancer, 58 and cause considerable pain. 59 Bone metastases are typically referred to as osteolytic when the main effect is bone destruction, and sclerotic when there is mainly increased osteoblastic activity. 60 99m TC-MDP bone scintigraphy is the most widely used method for evaluating skeletal metastases in humans. 61 Nevertheless, MRI and fluorodeoxyglucose (FDG) -PET / CT studies are far more sensitive for revealing metastases than bone scintigraphy. 62 When 18 F-FDG -PET and CT are concordant, this leads to a very high positive predictive value for bone metastases (98 % ). However, in metastases with discordant PET and CT findings, the positive predictive value is markedly diminished. Independently, the positive predictive value of all lesions is significantly higher with PET than with CT. 63 The distinction between benign and malignant lesions can usually be achieved by registration of 18 F-FDG -PET with CT. 64 Furthermore, 99m Tc-MDP SPECT can differentiate between malignant and benign metastases when 99m Tc-MDP SPECT and CT are registered, 23 indicating the importance of multimodality imaging.
In a recent study, the development, metabolism and progression of metastatic tumor formation in mice with induced lung tumors was characterized using small-animal PET imaging and in vivo micro-CT. 65 Mice were imaged with micro-CT every other day until tumors were anatomically identified, at which point 18 F-FDG -PET was performed in the same mouse holder. Smallanimal PET imaging did not identify any metastases that were not previously detected by in vivo micro-CT. However, micro-CT was capable of detecting metastases that were not detected by small-animal PET, based on the resolution limits of the used instrumentation. The CT / PET fusion imaging correctly correlated radiotracer uptake with anatomical location, demonstrating the utility of multimodality imaging in oncology. However, only 36 % of the tumors confirmed on histopathology were found with micro-CT, because for some tissues, the contrast of CT was not adequate for the identification of tumors, and for other tissues, the size of the tumors was too small. 65 In contrast to imaging with micro-CT until tumors are evident, in another study, PET was used until a bone metastasis was detected, from which time point on anatomical imaging was performed to locate the malignancy. 66 It was found that lesions smaller than 2.5 mm 3 are more reliably detected by micro-CT than by micro-PET, which shows that even though PET has a higher sensitivity, the limited resolution does not allow detection of small lesions. Sclerotic metastases, on the other hand, led to distinctly elevated bone turnover that was more easily detected and monitored on 18 F-fluoride -PET scans. 67 BLI has also been used in research of bone metastases; BLI offers the important advantage of detecting tumor growth in the marrow cavity long before development of radiologically evident osteolytic and / or osteosclerotic lesions. 53 Mice with an intracardiac injection of cancer cells transfected with luciferase showed distinct areas of photon accumulation after 4 weeks in the distal metaphyses of femurs and dorsal side of thoracic vertebrae, suggestive of metastatic tumor growth, where osteolysis was not evident on radiographs. Also bone metastases caused by intraosseous implantation of cancer cells could be detected by BLI from 4 days after implantation onwards, although metastases were only evident with radiography from day 14 on ( Figure 1 ). 53 Similarly, when tumor cells were injected into the bone marrow space, evidence of the presence of a bone lesion was detectable after 2 days with BLI and after 7 days only with micro-CT. 68 Osteoporosis. A frequently used model for studying biological pathways underlying postmenopausal osteoporosis is the removal of ovaries in mice or rats (OVX) to induce estrogen deficiency. OVX mice showed a faster bone turnover than sham or bisphosphonate-treated OVX mice as determined by an increase in bone formation by OsteoSense -FMT, and an increase in osteoclast activity as measured with cathepsin-K -FMT. Osteoclast activity was evident at an earlier time point than bone loss detected with micro-CT. 8 Cyclic loading response. Among other factors, bone remodeling is influenced by the micromechanical environment. To better understand how mechanical forces influence bone remodeling, animal models of load adaptation are often employed. In one study where changes in bone remodeling as well as changes in bone microstructure were monitored over time, it was Multimodality molecular imaging of bone FM Lambers et al shown that 15-week-old mice responded to mechanical loading by increasing bone formation rate and decreasing bone resorption rate, leading to an increase in bone volume density. Changes in bone remodeling rates were mostly an effect of changes in the surface occupied and not thickness of remodeling sites, whereas the amount of remodeling sites was not different from control group, indicating that the osteoblast and osteoclast activity were modulated rather than the osteoblast and osteoclast number. 56 Although only one scanner was used in this study, it can be regarded as a multi-modality approach, because both anatomical and functional parameters were extracted. Fatigue loading response. Another approach to initiate bone remodeling in animal models is to create microdamage through fatigue-impact loading. Rats that were subjected to a single bout of fatigue loading, consisting of displacements between 45 and 85 % of the average displacement to complete fracture (2.0 mm), showed an increase in 18 F-fluoride uptake in the central portion of the loaded forelimb, which reduced with time after loading. 69 By registration of the PET and CT images (with the help of fiducial markers), the location of increased bone remodeling could be observed ( Figure 2 ). In this case, CT only served as an anatomical reference for PET, because the resolution was not sufficient to analyze morphological changes in the cortical bone. 69 Fracture healing. Five to ten percent of the fractures that occur annually in the United States demonstrate delayed healing or non-union. 70 Such fractures require multiple surgical procedures and are associated with disability, pain and prolonged rehabilitation periods. 71 To better understand processes underlying fracture healing, animal models have been used, in which defects or fractures are created in the bone or in which spacers are inserted to simulate non-union. 72 18 F-fluoride uptake increased in a study, in which fractures were created in femurs of rats, whereas in rats with non-unions, minimal 18 F-fluoride uptake was found, indicating that 18 F-fluoride -PET could distinguish healing fractures from non-unions already 1 week after the operation and may have a role in the assessment of longitudinal fracture healing. 38 Similarly, on plain radiographs, it was also evident whether the bone was, or was not, healing from week 2 onwards; callus formation was visible in the fracture group, whereas no bone formation was visible in the non-union group.
Besides delayed-or non-unions, infections are a common complication of fracture healing. In rats, in which a bacterial infection was induced in a tibial defect, the feasibility of a new tracer, targeted at a protein that is only expressed at sites of inflammation, was evaluated. This novel PET-imaging agent allowed distinguishing bone infection and normal bone healing (which involves inflammation, but not infection) as soon as 1 week after surgery. At the same time point, cortical bone destruction was visible in infected bones with peripheral quantitative CT, whereas normal bone healing was observed in control rats, further confirming the applicability of the novel PET-imaging agent. 73 To facilitate healing of complicated fractures, MSCs can be delivered to the site of injury. When homing of luciferasetransfected MSCs was analyzed in a defect in the femur of mice, a higher BLI signal was found in injected mice than in control mice, indicating attraction of MSCs to the injured tissue. No difference between mice injected with MSCs and a control group was found with 18 F-fluoride PET, likely due to the low number of MSCs in the region of interest, but for both groups, the fractured femur showed greater uptake than contralateral control. Furthermore, micro-CT measurements revealed accelerated bone healing in treated compared with control group. This indi- Multimodality molecular imaging of bone FM Lambers et al cated that MSCs promoted healing, which could only be verified through a multimodality approach. 74 Bone morphogenic protein-2 (BMP2) is an osteoinductive protein that can induce bone formation in vivo . Therefore, MSCs overexpressing BMP2 (MSCs -BMP2) could enhance bone healing. Indeed, a significant OsteoSense signal was observed with FMT in mice with a non-union bone defect in the radius implanted with MSCs -BMP2, whereas little or no signal could be detected in mice injected with MSCs without BMP2 overexpression ( Figure 3 ). In agreement, new mineral deposition as assessed with micro-CT had occurred in the non-union bone defect at 3 weeks in mice implanted with MSCs -BMP2, whereas in control mice, no bone formation was found. 75 Similarly, intervertebral discs injected with MSCs -BMP2 under a tetracycline-controlled expression system retained a high fluorescence signal up to 4 weeks post injection detected with BLI, and caused fusion of vertebral bodies as revealed with micro-CT. 76 
Discussion and Conclusion
In this review, recent advances in multimodality molecular imaging of bone structure and function were presented. Molecular imaging allows non-invasive monitoring of specific biological processes within living subjects and is complimentary to anatomical imaging. PET provides great sensitivity, but lacks spatial resolution and is associated with radiation dosage and radionuclide toxicity. Similarly, optical imaging has great sensitivity and temporal resolution, but lacks spatial resolution and sufficient penetration depth. By combining molecular with anatomical imaging, early changes in bone remodeling can be imaged and quantified. In the field of molecular imaging, considerable Nuclear imaging techniques, including 18 F-fluoride -PET, 18 F-FDG -PET and 99m Tc-MPD -SPECT or bone scintigraphy are regularly used in the clinics, whereas optical imaging techniques (FI and FMT) are often only performed in research, and BLI is currently limited to research in mice, due to the need of transgenic mice. The most important hurdle in translating optical imaging to clinical applications is the depth of penetration, which is on the order of one centimeter, therefore only allowing superficial measurements in larger animals or humans. A further difficulty for optical bone imaging is the need for fluorescent probes, which are unlikely to be approved for clinical use in humans. As a consequence, for bone imaging, PET / CT and SPECT / CT-multimodality scanners are widely used in the clinics, especially in the field of oncology, whereas other multimodality scanners are only used in research or preclinical settings. General limitations of multimodality scanners are the cost and the computational power needed for image registration and image fusion.
In conclusion, multimodality molecular imaging and registration techniques in longitudinal studies will further advance our knowledge of the biological processes underlying bone remodeling, the onset and progression of diseases, and their treatment.
